ABSTRACT: Coagulase-negative staphylococci and its subtype Staphylococcus epidermidis are major indigenous Gram-positive inhabitants of the human skin. Colonization occurs in direct connection with birth and terrestrial adaptation. This study focuses on factors that may influence skin colonization of the newborn infant that relates to the immune status of both the bacteria and the host. Skin is an effective barrier against bacteria, and this function is partly mediated by the presence of antimicrobial peptides including human cathelicidin peptide LL37. Gram-positive bacteria have been described to have adhesive pili on their surface that mediates specific attachment to the host. Here, we identify, by negative staining transmission electron microscopy (EM), two different types of piluslike structures commonly expressed on S. epidermidis isolated from newborn infants. We also show that the cathelicidin antimicrobial peptide LL37, constitutively expressed in the skin barrier of the newborn, significantly inhibited growth of S. epidermidis indicating its importance for the ecological stability of the skin microbiota. Further studies are required to elucidate molecular mechanisms of host-microbe interactions, both for the maintenance of a mutually beneficial homeostatic relationship and for the protection of self when it results in overt disease. (Pediatr Res 66: 174-178, 2009) C oagulase-negative staphylococci (CoNS) are major skin commensals in humans (1). Within the first few hours of life colonization occurs (2), and by 1 d of age 84% of all healthy neonates have their skin colonized (3). Among the CoNS, particular attention has been focused on Staphylococcus epidermidis because it is the most common species responsible for infection causing significant morbidity, mortality, and incurring healthcare costs worldwide (4). In neonates, CoNS have emerged as prevalent and important pathogens, responsible for approximately 50% of all episodes of lateonset (Ͼ72 h) sepsis in very low birth weight infants (5). Recent evidence also links these bacteria to the pathogenesis of the immunologic skin reaction erythema toxicum, frequently seen in healthy newborns (3).
C oagulase-negative staphylococci (CoNS) are major skin commensals in humans (1) . Within the first few hours of life colonization occurs (2) , and by 1 d of age 84% of all healthy neonates have their skin colonized (3) . Among the CoNS, particular attention has been focused on Staphylococcus epidermidis because it is the most common species responsible for infection causing significant morbidity, mortality, and incurring healthcare costs worldwide (4) . In neonates, CoNS have emerged as prevalent and important pathogens, responsible for approximately 50% of all episodes of lateonset (Ͼ72 h) sepsis in very low birth weight infants (5) . Recent evidence also links these bacteria to the pathogenesis of the immunologic skin reaction erythema toxicum, frequently seen in healthy newborns (3) .
Ecological stability of the commensal microflora is partly maintained by interactions with its human host. Our knowledge of how commensal bacteria interact with their host or how they communicate with each other is limited. We know that at birth commensals have to face the antimicrobial defense mechanisms of the skin and the vernix caseosa, a cream-like coating on newborns secreted by the fetal sebaceous glands. Human antimicrobial cathelicidin peptide LL37 is present in both vernix caseosa and the skin already at the time of birth, and the peptide is also up-regulated in the erythema toxicum lesions of the newborn infant (6) . The presence of LL37 offers increased protection against bacterial infections in mice and humans (7, 8) . Thus, we hypothesized that LL37 is of importance for the microbial milieu of the skin, and we tested if it could influence growth of S. epidermidis strains isolated from newborn infants.
Recent investigations have described that S. epidermidis express pilus-like or fibrillar structures protruding from the cell surface (9 -12) . Pili are polymeric, hydrophobic, proteinaceous structures that may be involved in many functions such as specific host recognition and attachment, invasion, and biofilm formation (13, 14) . In previous studies on S. epidermidis, only one strain isolated from blood and two commercially available laboratory strains have been analyzed for possible pili expression in humans. Another aim of this study was, therefore, to visualize the prevalence and appearance of these surface structures in S. epidermidis strains isolated from the skin of healthy newborns. Infants with the rash of erythema toxicum or sepsis were also studied.
The major virulence factor of CoNS is ascribed to the formation of biofilm (15, 16) , but proteinaceous surface components, such as fibrinogen-binding protein (Fbe; [17] [18] [19] and accumulation-associated protein (Aap; 20), play major roles in the adherence of S. epidermidis to implanted biomaterials and accumulative growth on polymer surfaces. Our last aim was to search for a hypothesized link between the expression of pili and the production of biofilm and bacterial surface proteins Aap and Fbe, respectively.
MATERIALS AND METHODS
Patients. The ethics committee of Karolinska University Hospital approved the study, and parents gave their informed consent to participate. Except for one preterm infant with CoNS sepsis, all pregnancies and deliveries were at term gestation and uncomplicated (GA 40 Ϯ 1 wk; mean Ϯ SD). There were 11 boys and 10 girls with birth weight 3735 Ϯ 582 g (mean Ϯ SD). All infants had an uneventful neonatal period and were exclusively breastfed on demand. No antimicrobial therapy was given to any mother or their offspring, and infants were delivered within 24 h after rupture of the membranes. Amniotic fluid was clear in all cases. Infants were 1-d old (1 Ϯ 0.3 d; mean Ϯ SD) at the time of sample collection, and none of the infants were bathed or had been outside the hospital. One biopsy was taken from an erythema toxicum lesion of a healthy 1-d-old infant, as previously described (3) .
Bacterial strains. Skin swabs for microbial cultures were collected according to hospital routine from normal skin surface (n ϭ 9) and from regions with erythema toxicum (n ϭ 12), but never from the region covered by the diaper. We isolated CoNS in 17 infants, and by using the API STAPH V4.0 identification system (BioMérieux, Marcy l-Etoile, France), we identified 16 of these strains as S. epidermidis.
A total number of 13 S. epidermidis strains were chosen randomly for further investigation. Eight from normal skin (clinical isolate, CI-1-8), four from erythema toxicum lesions (CI-9 -12), and one blood isolate obtained from a preterm infant (CI-13) with clinical manifestations of sepsis were studied. As reference strains, we included S. epidermidis ATCC 35984, S. epidermidis ATCC 12228, Staphylococcus aureus ATCC 29213, and Escherichia coli ATCC 25922.
Determination of minimal inhibitory concentration for LL37. Antimicrobial susceptibility of S. epidermidis (CI-1-13; ATCC 12228; ATCC 35984; ATCC 29213; ATCC 25922) was performed with the microdilution broth method according to the recommendations of the Clinical and Laboratory Standards Institute (CLSI; 21). Refined Mueller Hinton broth (MHB; BD Diagnostic systems, NJ) was used as described earlier, because standard MHB has been found to underestimate the activity of antimicrobial peptides (22, 23) . Becasue S. epidermidis were unable to grow in refined MHB, a 1:1 mixture of regular MHB and refined MHB was used for the experiments. A stock solution of peptide LL37 (Innovagen, Lund, Sweden) was prepared by adding the peptide to refined MHB containing 0.05% acetic acid to prevent precipitation of the peptide. A 0.5 McFarland standard inoculum, corresponding to approximately 10 8 colony forming units (CFU) per mL, was obtained by suspending bacterial colonies in PBS. A 1:10 dilution was made from this suspension and 5 L of this solution was suspended in microtiter plates containing 100 L of refined MHB supplemented with LL37, corresponding to a final suspension of 5 ϫ 10 4 CFU per well. The wells in the microtiter plate contained LL37 in concentrations ranging from 0.25 to 256 mg⅐L Ϫ1 (2-fold dilutions). Minimal inhibitory concentration (MIC) was recorded as the lowest concentration completely inhibiting growth, as recorded by the unaided eye. Wells containing refined MHB without LL37 were used for growth control. The microtiter plates were read after an 18-h incubation at 35°C.
Transmission electron microscopy. S. epidermidis surface structures were visualized by negative staining transmission electron microscopy (EM), in which bacteria (CI-1-13; ATCC 12228; ATCC 35984) were grown on blood agar plates for 36 -48 h or in brain-heart infusion (BHI) broth (BD Diagnostic systems, NJ) from a starting point of OD 600 0.05 until mid-log phase. Colonies grown on agar plates were resuspended in 1% paraformaldehyde solution, whereas liquid cultures were centrifuged at 1500 ϫ g for 3 min and then resuspended in 4% paraformaldehyde solution for 15 min. This was followed by two cycles of centrifugation and resuspension in PBS. An aliquot of 4 L was added to a grid coated with a Formvar supporting film coated with carbon for 5 min. The excess solution was soaked off by a filter paper, and the grid was stained with 0.5% uranyl acetate in water for 5 min and air-dried. Samples were visualized in a Tecnai FEI 10 electron microscope at 80 kV. Transmission EM analysis was always done immediately after fixation of bacteria.
In addition, S. epidermidis (CI-9) was incubated for 1 h at 37°C with 2 mg⅐mL Ϫ1 proteinase K (Sigma-Aldrich Chemical Co., St. Louis, MO) or 30 g⅐mL Ϫ1 DNase (RQ1, Promega, Madison, WI), after treatment as previously described. Results were analyzed by negative staining.
Immunogold EM. To visualize the binding sites of Fbe on bacterial surface, immunogold EM was performed on S. epidermidis (CI-9 -12). Bacteria were grown as previously described, and 4 L of bacterial sample was added to Formvar-coated nickel grids for 5 min. To minimize nonspecific labeling, grids were incubated in 1% BSA and 1% gelatin, followed by incubation with sheep polyclonal anti-Fbe (Jan-Ingmar Flock, Karolinska Institutet, Sweden), and diluted 1:10. After rinsing, secondary goldconjugated antibodies at 1:50 (donkey anti-sheep IgG, 5-nm gold particles) were added. Finally, grids were stained for 15 s with aqueous uranyl acetate and processed in a Tecnai FEI 10 electron microscope at 80 kV.
Isolation of genomic DNA. Genomic DNA was prepared using a QIAmp DNA minikit (Qiagen, Hilden, Germany) as directed by the manufacturer, with the modification that cells were incubated at 37°C for 1 h with 200 g⅐mL Ϫ1 lysostaphin (Sigma-Aldrich Chemical Co., St. Louis, MO) before the lysis step; after 1 h, 20 L proteinase K (Qiagen, Hilden, Germany) was added to the cells, and the culture was incubated at 56°C for 30 min and then 95°C for 15 min to lyse the cells.
PCR amplification of the aap gene. The PCR assays used in this study to detect the presence of the aap gene in S. epidermidis (CI-I-13; ATCC 35984; ATCC 12228) were performed by amplifying two different fragments of aap using two primer pairs that amplified nucleotides 1140 -1772 (primers aap-1 and aap-2) and 7023-7172 (primers aap-3 and aap-4) ( Table 1 , and the following conditions were used: an initial denaturation step at 95°C for 12 min, followed by 30 cycles of amplification, (95°C, 30 s; 58°C, 30 s; and 72°C, 60 s), and a final extension step at 72°C for 7 min. Electrophoresis was performed on the PCR products using a 2% E-Gel precast agarose gel containing ethidium bromide (Invitrogen, Carlsbad, CA), and the products were identified by UV illumination.
Finally, the PCR products were purified with a JETquick PCR Purification Spin Kit (Genomed GmbH, Bad Oeynhausen, Germany) and sequenced on both strands using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), with primers aap-1, aap-2, aap-3, and aap-4. Reaction products were analyzed using an Applied Biosystems 3730 DNA Analyzer (MMK, Karolinska University Hospital, Stockholm, Sweden). The resulting chromatograms were analyzed using Applied Biosystem Sequence Scanner v1.0, and the DNA sequences were then used for database searching using the BLAST function on the NCBI database (www.ncbi.nlm.nih.gov) to identify the reaction products.
Determination of biofilm formation. Biofilm formation was determined by the ability of cells to adhere to the wells of a microtiter plate. S. epidermidis (CI-1-13, ATCC 12228, ATCC 35984) were grown overnight in BHI broth after which 200 L of culture, diluted in BHI broth to 0.05 OD 600 , was added to each well of a 96-well polystyrene microtiter plate (Corning Incorporated Life Sciences, Lowell, MA). A negative control of BHI broth without bacteria was included, and each experiment was performed in five replicate wells. After incubation at 37°C for 20 h, each well was washed twice with 200 L of PBS, dried, and stained with 150 L of 0.1% (vol/vol) crystal violet (Sigma-Aldrich Chemical Co.) for 10 min. Excess crystal violet was removed by washing the plates under running tap water, bound crystal violet was solubilized in 200 L ethanol-acetone (4:1, vol/vol), and the absorbance was measured at 590 nm.
Immunofluorescence of LL37. A cryosectioned skin biopsy obtained from a lesion of ET was fixed in 2% buffered formaldehyde, blocked, and permeabilized with normal goat serum in PBS with 1% BSA and 0.1% saponin. Sections were incubated first with 1:100 rabbit polyclonal antihuman LL37 (Innovagen, Lund, Sweden), and thereafter with Cy3-labeled secondary goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories Inc., West Grow, PA). As a final step, slides were incubated with DAPI (Molecular Probes, Eugene, OR), washed, and mounted with Shandon Immu-Mount (Thermo Electron Corporation, Pittsburgh, PA). Confocal images were recorded with a Zeiss 510 META confocal microscope, using 10ϫ/0.3 NA and 5ϫ/0.16 NA Fig. 1 ). Controls for autofluorescence and unspecific binding were performed by excluding the primary antibody.
RESULTS

Antimicrobial activity of LL37 on S. epidermidis. MICs ranged between 8 and 32 mg⅐L
Ϫ1 (Table 2) . No major differences, as to bacterial susceptibility to LL37, could be observed between the reference strains (n ϭ 4) and the CIs (n ϭ 13).
Transmission EM. We found that all (n ϭ 13) CIs of S. epidermidis expressed pilus-like appendages, and that no such structures were found on either of the two laboratory strains (ATCC 12228; ATCC 35984). The appearance of these structures was very similar between the individual strains.
We visualized two different types of pilus-like structures, one appearing with long pilus-like protrusions growing outward from the bacterial cell surface, often in the direction toward another bacteria ( Fig. 2A and B) . This type was more commonly seen on bacteria grown on agar plates, although it was also frequently found on bacteria grown in BHI broth.
The other type of structure consisted of a bundle of short fibrils localized on the cell surface, projecting away from the cell wall (Fig. 2C-F) . Bacterial cells were often located in clusters of 3-6 bacteria, where the centrally located cell most often lacked these appendages, whereas the outer cells expressed pilus-like structures projecting away from the other cells. The length of the appendages was 250 -300 nm as measured from the fibril base to the fibril tip, and the thickness was approximately 2 nm. By screening samples randomly, looking at at least 100 cells, we estimated that 2/3 of the bacteria expressed these pilus-like structures.
Treatment of S. epidermidis with proteinase K completely removed all pilus-like structures as detected by negative staining (data not shown), indicating that these were either comprised of protein or attached to the cell surface by a protein component. Treatment of S. epidermidis with DNAase did not change the appearance of the pilus-like structures, as detected by negative staining (data not shown).
Immunogold EM. After incubation of staphylococcal cells with Fbe antibody, the morphologic appearance is suggestive of a possible association of gold particles with the pilus-like structures (Fig. 3) .
PCR amplification of the aap gene. The PCR assay was carried out to screen for a 632 base pair (bp) fragment of the A region of aap (nucleotides 1140 -1772) and a 149 bp fragment (nucleotides 7023-7172) at the C terminus of aap. ATCC 35984, ATCC 12228, and the CIs 1-7, 10, 12, 13 gave amplicons of 632 bp and 149 bp, respectively (data not shown). It can be deduced that these 12 strains carry the aap gene. For the CI-9, only the 149 bp amplicon was detected (data not shown), and no PCR amplicons were detected for the CI-8 and CI-11 (data not shown). The aligned regions of the DNA sequences of the A region of aap and the C terminus of aap shared 100% identity (data not shown). Assessment of biofilm-forming ability. When comparing the biofilm-forming ability of the different strains, we found that only four of 13 CIs were strong producers of biofilm, as was the S. epidermidis ATCC 35984 used as a positive control. For S. epidermidis strain ATCC 12228 and nine of 13 CIs showed no or limited signs of biofilm-forming ability (Fig. 4) .
Immunofluorescence of LL37. There was a positive staining of antimicrobial peptide LL37 throughout the entire epidermal layer, and a dense nodular expression was noted in the dermal layer reaching all the way up to the skin surface (Fig. 1) .
DISCUSSION
This study shows that human cathelicidin antimicrobial peptide LL37 significantly inhibits growth of S. epidermidis isolated from the skin of newborn infants. We also found that these bacterial strains commonly express two kinds of piluslike structures clearly distinct from each other as visualized by EM technique, a feature independent of biofilm-mediated virulence mechanisms. An association of these structures with S. epidermidis surface protein Fbe is suggested.
Commensal colonization of the skin is not unrestricted. The inhibitory mechanisms to limit bacterial growth and protect against assault is partly mediated by the presence of bactericidal peptide or proteins in the skin that includes defensins, lysosome, psoriasin, and LL37 (24) . These substances are up-regulated at birth (6) , particularly in the rash of erythema toxicum where a substantial accumulation of LL37 expressing cells also occurs (Fig. 1) . A comparison of our documented MIC values against estimated local concentrations of LL37 in patients with psoriasis (25) or rosacea (26) , reaching skin tissue levels up to approximately 7200 mg⅐L Ϫ1 (1600 M), strongly indicates a significant antimicrobial activity of LL37 on S. epidermidis. The use of refined MHB diluted with standard MHB may also have lead to a certain underestimation of the activity of the peptide. Most probably, the constitutive expression of LL37 in the newborn infant is an important factor in regulating the establishment of commensal bacteria at birth.
The shorter pilus-like protrusions that we describe are similar in appearance and positioning not only to the fibrillar structures identified on S. epidermidis ATCC14990 (9), but also to those described in our previous EM studies on neonatal skin (3). The longer pilus-like structures, that seem to interconnect different bacteria to each other, are similar to the appendages described on S. epidermidis isolated from human adult blood (11, 12) . The function of these two different types of cell surface protrusions can only be speculated upon. The shorter pilus-like appendages may be communication structures by which bacteria talk to the host's epidermal keratinocytes in a similar way that occurs in the mammalian intestine, where dendritic cells extend dendrites across tight junctions between intestinal epithelial cells to directly contact bacteria in the lumen (27) . A similar picture has been found in the skin of the newborn where the dendritic cell's dendrites reach up to the skin surface (28) . The longer filament interconnection of different bacterial cells may express a communication in between these cells.
As illustrated in Figure 3 , it appears that Fbe is present in the pilus-like structures, although additional proteins probably are included as well. The exact binding site of surface protein Fbe is unknown, but it contains a sortase recognition sequence of LPXTG used for covalent linkage to bacterial peptidoglycan (18), which we know from other Gram-positive bacteria to be of importance for the assembly of pilus structures (13, 14) . Fbe is present in most strains of S. epidermidis with an equal distribution in invasive and commensal isolates (29, 30) , similar to what we describe for pilus-like structures.
Aap is a cell wall-anchored protein, prevalent in CIs of S. epidermidis. In the previous study on ATCC 14990, it was proposed that each fibril resembles the full-length Aap protein.
In our study, we could not detect any amplicons of the aap gene in two of the CIs, and only one of the bp amplicons was detected in one of the isolates. This may indicate that those strains have truncated aap genes, or possibly that two of them even lack the aap gene.
In conclusion, this study shows that pilus-like structures are very commonly expressed on S. epidermidis isolated from newborns and that these seem to be comprised in part by surface protein Fbe. We also demonstrate that S. epidermidis is susceptible to antimicrobial peptide LL37, constitutively expressed in the complex skin barrier of the newborn.
